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Abstract—Aromatic and, in peculiar, polyaromatic hydrocarbons are one of the common class of anthropo-
genic pollutants. Processes of their degradation are of great interest from an ecological point of view. This arti-
cle describes the current situation in the use of ultrasound as an instrument, accelerating such degradation.
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INTRODUCTION

Polyaromatic hydrocarbons (PAHs) have carcino-
genic and mutagenic activity, and they are among the
most dangerous environmental pollutants. PAHs are
formed as a by-product during combustion of almost
any organic substances, in particular motor fuels. In
addition, PAHs are part of the wastewater from the
paint, varnish, and textile industries, as well as oil
refining plants. Therefore, the task of cleaning the
environment from PAHs is relevant, many works have
carried out research in this area, among which infor-
mation on the use of ultrasound exposure on the pro-
cess of oxidative destruction of PAHs is of particular
interest.

The use of ultrasound to intensify chemical reac-
tions in a solution is based on the phenomenon of
acoustic cavitation [1]. Cavitation occurs when an
ultrasonic field acts on a liquid, resulting in the alter-
nate local compression and expansion of the liquid,
resulting in the formation of oscillating microbubbles.
The bubbles grow, reaching a critical size, after which
they collapse [2]. The size of a cavitation bubble can
reach 100—200 pm and its lifetime is several microsec-
onds [3]. At the moment of the collapse of cavitation
bubbles, local areas with a pressure of about 2000 atm
and a temperature of up to 5000°C are formed. Various
mechanochemical processes can occur in these areas
[4, 5]. The propagation of a high-intensity ultrasonic
wave with subsequent cavitation leads to the genera-

tion of highly reactive radicals: H", ‘OH, O", and HO,
[6]. These radicals, interacting with organic sub-
stances contained in the solution, cause the degrada-
tion of the latter. The ultrasound frequency at which

the cavitation process is recorded lies in the range from
20 to 1000 kHz.

Before discussing the effect of ultrasound on the
processes of oxidative degradation of PAHs, it makes
sense to briefly consider the oxidation of lower aro-
matic hydrocarbons in an ultrasonic field using several
examples.

The authors of the work [7] studied the kinetics of
the oxidative degradation of benzene, ethylbenzene,
and styrene in aqueous solutions (concentrations of
about 0.1—1.0 mM) under the influence of ultrasound
with a frequency of 520 kHz. It was shown that the
reaction is of the first order with respect to the hydro-
carbon. An attempt to correlate the Henry constants
and the parameters of the kinetic equation showed
that the degree of correlation is low. Similar results
were obtained in [8] (oxidized hydrocarbons: naph-
thalene and phenanthrene). It was found that the rate
constant of oxidative degradation increases with the
increasing pH of the solution. As the temperature
increases to 50°C, the reaction rate increases, then
begins to decrease. The authors do not explain the
nature of such a dependence.

The work [9] reports on the oxidation of various
aromatic hydrocarbons under the influence of ultra-
sound. Naphthalene is converted into phthalic acid,
anthracene into anthraquinone, and stilbene and sty-
rene into benzoic acid. The authors used potassium
periodate as an oxidizing agent, and the K,RuCl;
complex, present in catalytic quantities, as an oxygen
carrier. Under the influence of periodate and ultra-
sound, this complex is converted into a mixture of
ruthenium tetroxide and K;(RuO;(OH),), which is
reduced by hydrocarbons to the initial pentachlororu-
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thenate. The yields of oxidation products range from
75% (in the case of phthalic acid) to 94% (in the case
of benzoic acid). It is noted that high yields require the
presence of acetonitrile in the system, whose role in
the reaction is not completely clear. It is assumed that
acetonitrile stabilizes the transition oxidation states of
ruthenium.

The article [10] studies aromatic bromination in
the KBr—H,0—CCl, system under the influence of
ultrasound. It was found that for toluene, as well as m-
and p-xylene, bromination mainly occurs in the ben-
zyl position, no dibromination products were
detected, and the total yield of bromine derivatives
ranges from 55 to 95%. In pure carbon tetrachloride,
the reaction does not occur. In the absence of potas-
sium bromide, the chlorination reaction occurs, but its
yields do not exceed 40%. The key stage of the process
is water homolysis, and carbon tetrachloride becomes
a trap for hydrogen atoms, preventing them from
recombining with hydroxyl radicals.

Thus, the lower aromatic hydrocarbons can
undergo oxidative transformations under the influ-
ence of ultrasound, forming nontoxic compounds (in
the limit, of carbon dioxide and water).

The problem of neutralization of PAHs (as signifi-
cantly more dangerous compounds) has attracted
considerable attention of researchers. In the work [11],
the oxidative degradation of PAHs catalyzed by ruthe-
nium compounds, accelerated by ultrasound expo-
sure, was studied. Pyrene, chrysene, diphenyl, naph-
thalene, anthracene, and phenanthrene were used as
substrates. Oxidation was carried out in a mixture of
water, acetonitrile, and methylene chloride, the oxi-
dizer was sodium periodate, and the catalyst was
ruthenium trichloride. The authors note that ultra-
sound sharply reduces the time required for oxidation:
it decreases from 12 to 1.5—2 h. Oxidation of PAHs in
most cases leads to products of the quinoid structure.
It was shown that in the studied system ruthenium
tetroxide is formed in situ, which is the direct oxidizer.
The role of sodium periodate is reduced to the reoxi-
dation of ruthenium.

The authors [12] studied the degradation process of
PAHs (16 compounds) contained in textile wastewater
sludge. The use of a composition of iron powder and
EDTA, subjected to ultrasound exposure in air and
representing an analog of the Fenton system, leads to
the formation of hydrogen peroxide. At the same time,
it is known [13] that organic substances degrade effec-
tively in the Fenton system.

It has been shown [12] that the iron salts required
for the Fenton system to function can be formed from
metallic iron powder in the presence of EDTA both
under the influence of ultrasound (frequency 20 kHz)
and without it. However, in the case of ultrasound
exposure, the maximum achievable concentration of
iron in the solution is approximately twice as high as in
its absence. The concentration of divalent iron and the
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total concentration of iron in the solution depend on
time in an extreme manner: a maximum is observed
on the curve of this dependence. The degree of degra-
dation increases with an increase in the EDTA con-
centration from 0 to 2 mM and then reaches a plateau.
A similar dependence is observed for iron powder in
the system, reaching a plateau corresponding to 15 g/L
(EDTA concentration 0.2 mM). After 60 min of the
reaction, the concentration of PAHs in the sludge
drops by 40—50% and it decreases slightly as the
molecular weight of PAHs increases. Ultrasound
exposure with a power of 1.08 W/mL increases this
figure to 70—80%. A decrease in power leads to a
decrease in the degree of degradation, while a further
increase practically does not change the situation.

The authors of the work [12] studied the pH depen-
dence of the degree of degradation at the optimal val-
ues of other parameters. It was found that degradation
occurs best in a slightly acidic environment (pH 5—6),
a decrease in pH to 3 leads to a slight decrease in the
degree of degradation, and an increase to 9 leads to a
sharp drop. The latter fact is obviously associated with
the removal of iron compounds from the reaction
medium in the form of hydroxides.

A similar study was conducted in [14]. It also stud-
ied the degradation of PAHs from textile waste sludge.
The oxidation system used by the authors of [ 14] is the
same as that used in [12]. However, in [ 14] it was found
that the presence of silicate and hydrophosphate ions
in the system significantly increases the rate of PAH
degradation.

A similar study was performed by the authors in
[15]. In this case, PAHs from textile mill wastewater
sludge were oxidized using the traditional Fenton
reagent both with and without ultrasound exposure. It
was found that in the absence of the Fenton reagent,
the maximum degradation under ultrasound exposure
(20 kHz) for naphthalene and tricyclic PAHs was
achieved at an ultrasound power of 1.44 W/mL, and
for heavier PAHs, at 1.80 W/mL. A further increase in
power did not lead to an increase in the degree of deg-
radation. The best results (about 65%) at pH 3 and
25°C for 30 min were achieved for naphthalene and pen-
tacyclic hydrocarbons, while for tri-, tetra-, and hexacy-
clic hydrocarbons, it was approximately 35—40%.

In the case of using the Fenton reagent without
ultrasound exposure, the degradation process also
occurs. The maximum values of the degradation
degree are achieved with the simultaneous action of
ultrasound and the Fenton reagent; after 30 min it
ranges from 75 to almost 100%. In all cases, naphtha-
lene and pentacyclic PAHs are removed most effec-
tively, while tetracyclic PAHs are removed the worst.
The Fe?* : H,0, ratio plays an important role in this.
For PAHs with different numbers of cycles, the opti-
mal value ranges from 1 : 3 to 1 : 1; exceeding this
range does not lead to an increase in the degradation
degree, and sometimes leads to a noticeable decrease.
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The degradation degree in this case ranges from 65 to
90%. The concentration of the Fenton reagent is also
important. The best results are achieved at a concen-
tration of 140 mM; its further increase does not lead to
an increase in the degradation efficiency.

The work [16] studies the influence of various fac-
tors (temperature, concentration, frequency and
power of ultrasound, presence of foreign substances)
on the process of the ultrasonic degradation of naph-
thalene, acenaphthylene, and phenanthrene. It was
found that at the initial concentration of each hydro-
carbon of 50 ug/L (total concentration 150 ug/L),
almost complete degradation occurs after 30 min of
ultrasound exposure (80 kHz, 150 W, 20°C). For the
initial concentration of 100 ug/L (total 300 ug/L), this
requires 60 min. Reducing the power to 75 W reduces
the degree of degradation of naphthalene to 92%,
while phenanthrene and acenaphthylene degrade
completely at this power. At a power of 45 W, after
60 min, naphthalene and phenanthrene degrade by
approximately 50%, acenaphthylene by 75%. A
decrease in the ultrasound frequency also leads to a
decrease in the degree of degradation. Thus, the
degree of degradation of phenanthrene and naphtha-
lene at 45 kHz, 150 W, and 20°C after 60 min of ultra-
sound exposure is 83—84%; and acenaphthylene,
96%. A decrease in power in this case also leads to a
decrease in the degree of degradation. An increase in
the temperature of the reaction medium leads to a
slight decrease in the degradation rate; the authors
associate this effect with the peculiarities of the forma-
tion of cavitation cavities. The addition of n-butanol,
which is capable of reacting with hydroxyl radicals, to
the reaction medium in a concentration approxi-
mately corresponding to the total concentration of
PAHs, reduces the degradation rate. The presence of
divalent iron ions in the system also has a significant
effect on the PAH degradation rate. If their concentra-
tion is comparable to the concentration of PAHs, a
sharp increase in the degradation rate is observed. The
authors explain this by the fact that hydrogen perox-
ide, which is obtained during the recombination of
hydroxyl radicals in the presence of Fe?" ions, forms a
Fenton system, in which the oxidation of organic sub-
strates is known to occur effectively. At the same time,
at a concentration of FeSO,7H,0 of 100 g/L, the deg-
radation rate is significantly lower than in their
absence. Probably, iron ions compete with PAHs for
hydroxyl radicals. An interesting effect is observed
when sodium chloride (10%) is introduced in the sys-
tem. In this case, the degradation reaction has a
noticeable induction period. The authors also associ-
ate this effect with the peculiarities of the formation of
cavitation cavities (due to a change in surface tension).
The effect of the ultrasound frequency on the degrada-
tion of individual PAHs (naphthalene, phenanthrene,
anthracene, pyrene, and benzo[k]fluoranthene) in
aqueous solutions was studied in [17]. It was found
that the rate constant of the degradation process was
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higher in the case of high-frequency ultrasound expo-
sure (506 kHz). It also depended on the saturated
vapor pressure, solubility in water, and the Henry con-
stant of the corresponding hydrocarbon. As these
parameters increased, the degradation rate constant
increased. The authors of [18] believed that this depen-
dence was general. In all cases, the degradation rate
decreased in the following series: naphthalene—phenan-
threne—anthracene—pyrene—benzofluoranthene. Nev-
ertheless, at an ultrasound frequency of 506 kHz and a
temperature of 20°C, 100% degradation of all the
PAHs studied, except for benzofluoranthene, was
achieved in 40 min. For the latter, the degree of degra-
dation was about 60%. At an ultrasonic frequency of
20 kHz under similar conditions, complete degrada-
tion can only be achieved for naphthalene. The degree
of degradation of phenanthrene, anthracene, pyrene,
and benzofluoranthene in this case is approximately
80, 75, 60, and 25%, respectively. The author [17]
associates the increase in the degradation efficiency
with the increase in the number of cavitation cavities
in the solution per unit time. In this work, it was found
that the main degradation product of the studied
PAHs is carbon monoxide, with carbon dioxide
formed in significantly smaller quantities. In addition,
acetylene and methane are also formed in approxi-
mately equal (but smaller compared to carbon diox-
ide) quantities. According to the author, this indicates
the pyrolytic decomposition of PAHs in the collapsing
cavitation cavities with the subsequent oxidation of the
pyrolysis products by the hydroxyl radicals formed there.
However, the article [19] proposes a mechanism that
does not include the pyrolysis stage and implies only the
sequential interaction of PAHs with hydroxyl radicals.
This is supported by the detection of hydroxylated deriv-
atives of PAHs in the degradation products [19].

The article [20] also studies the degradation rate of
naphthalene, phenanthrene, and pyrene in aqueous
solutions depending on the ultrasound frequency. It is
shown that phenanthrene degrades most rapidly, and
the dependence of the degradation rate on frequency is
extreme for all three hydrocarbons (optimal frequency
582 kHz).

The effect of pH on the process of PAH degrada-
tion under the action of ultrasound is the subject of the
work [21]. Air was used as an oxidizer. It was shown
that a decrease in pH leads to an increase in the rate of
the PAH degradation; the authors associate this with a
change in the value of the oxidation—reduction poten-
tial of the hydroxyl radicals formed in the reaction
medium under the action of ultrasound. Thus, at pH 2
this value is 2.7 V; and at pH 7, 1.8 V. It was also found
that in aqueous-organic media the degradation rate
decreases as the content of the organic component
increases.

The effect of organic impurities on the ultrasonic
degradation of PAHs in aqueous solutions was studied
in [22]. It was found that in most cases the presence of
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organic impurities in water sharply reduces the rate of
PAH degradation (usually by factors of 2—5). The
impurities of benzoic and humic acids, as well as pen-
tanol, inhibit the reaction most strongly (at the same
concentration). Pentane impurity changes the degra-
dation rate significantly less, and in some cases it even
increases. The effect of the degree of water oxygen-
ation was also studied. It was shown that preliminarily
blowing oxygen through the studied solution increases
the oxidation rate by one-and-a-half to two times.

A similar study was undertaken by the authors in
[23]. Its subject was the degradation of PAHs (anthra-
cene, phenanthrene, pyrene) in pure water, as well as
in the presence of foreign organic substances (benzoic
acid, fulvic acids) under the action of ultrasound. The
ultrasound power was 60 W and the frequency was
20 kHz (ultrasonic bath). It was found that in pure
water phenanthrene (10~7 M solution) completely
degraded after 5 min of exposure. It was found that in
pure water the degradation rate constants for phenan-
threne and pyrene were approximately the same, and
for anthracene the constant was approximately
2.5 times higher. The presence of fulvic acids at a con-
centration of 20 mg/L reduced these values by a factor
of 3.5 for anthracene and phenanthrene and by a factor
of 2.5 for pyrene. Benzoic acid acts in a similar man-
ner. In natural waters the degradation process can be
completely suppressed. The most probable mecha-
nism for this may be the obstruction of PAH access to
cavitation cavities. It is noted that the primary particle
formed from PAH is probably a cation-radical.

The dependence of the total amount of organic
matter in sludge on the duration of treatment was
studied in [15]. During the first 5 min, this amount
increases from 32 to 41—44%. The authors explain this
by the oxidation of organic matter contained in the
sludge, an increase in the amount of carboxyl groups
in it, and the subsequent interaction of these groups
with the aluminum and iron oxides contained in the
sludge. In this case, organic salts of these elements are
formed. Then the total content of organic matter
begins to fall, but its decrease is small and does not
exceed 10% of the value achieved after 5 min (the
maximum exposure time is 60 min). In the article [24],
however, it is noted that ultrasonic treatment of indus-
trial waste sludge in some cases can lead to an increase
in the concentration of PAHs in the solution. The
authors associate this phenomenon with the desorp-
tion of PAHs firmly adsorbed on sludge particles
under the action of ultrasound.

When using ultrasound to purify wastewater from
PAHs, oxidizers such as ozone [25] and hydrogen per-
oxide can be used, both in pure form [26] and as part
of Fenton’s reagent [27]. Naturally, the process using
ultrasound without additional reagents is preferable
[28, 29].

In [30], a model system of 16 PAHs dissolved in
water (total concentration of 0.1 ppm) was studied; the
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experiments were carried out in air. Different ranges of
emitted energy and ultrasound frequency were stud-
ied. Thus, with an emitted energy of 4 J/mL, light
PAHs (up to and including pyrene) are decomposed
by not more than 70—75%. The degree of degradation
of heavier PAHs is higher; for all the PAHs studied, it
is up to 90%. The authors showed that an increase in
the power of exposure does not always lead to an
increase in the degree of degradation.

The authors of [31] used the method of solid-phase
extraction in combination with chromatograph mass
spectrometry to study the degradation of eight PAHs
in aqueous solutions under the action of ultrasound.
The concentration of PAHs varied within the range
from 0.1 to 50 pg/L. All the experiments were carried
out in air. It was found that with continuous sonication
(80 kHz, 75 W of electric power) at least 90% degrada-
tion of the studied hydrocarbons could be achieved in
3 h. Anthracene and acenaphthylene decompose bet-
ter than others, and pyrene worse, but the difference is
small. Under thermostatting conditions (25°C), the
degradation of anthracene and acenaphthylene in 3 h
reaches 98—99%, and that of pyrene, ~90%. In the
absence of thermostatting, the degradation in 3 h is
almost 100% for all the studied PAHs. In the 50% duty
cycle mode (1 min of sounding, 1 min without sound-
ing), the picture becomes significantly more complex
both with and without thermostatting.

In the work [32], which also studies the ultrasonic
degradation of PAHs in aqueous solutions, the vari-
able parameters were the sonication time and the
amplitude of ultrasonic vibrations. The highest degree
of degradation (76%) was achieved at the maximum
amplitude (114 um), but the experiment time in this
case was not specified. Further experiments were car-
ried out at this amplitude with the maximum sonica-
tion time of 45 min. The degree of degradation
increased with time, reaching a value of 59% after
45 min. If the system is ozonized under the same con-
ditions, the degree of degradation increases to 96%; in
the absence of ultrasound, similar ozonation gives
only 73% degradation.

The article [33] describes the neutralization of pet-
rochemical waste using anaerobic bacteria that pro-
duce biogas. However, PAHs strongly inhibit bacterial
growth; thus, the authors consider the possibility of
preliminary PAH degradation under the action of
either thermal (130°C) or ultrasonic (20 kHz, 480 W)
treatment for 20 min. It is noted that ultrasound
causes PAH degradation, but thermal treatment is
more effective.

The authors in [34] consider the process of chry-
sene extraction from river silt using butylthiopheny
bromide. It was found that with ultrasound exposure,
extraction occurs faster, but both the extractant and
chrysene are subject to destruction.

In the article [35], the degradation of phenan-
threne and pyrene adsorbed on river silt particles in an
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aqueous suspension under the influence of ultrasound
was studied. The ultrasound frequency was 20 kHz
and the power was 430 W/L. It was shown that the par-
ticle size affects the degradation rate: for large sorbent
particles it is higher. Similarly, the bioavailability of
the resulting products depends on the particle size.
Increasing the suspension concentration reduces the
degradation rate.

The authors of [36] investigated the effect of the
ultrasonic treatment of contaminated river sediments
on the biodegradation of PAH degradation products
(naphthalene, phenanthrene, and pyrene). The ultra-
sound frequency was 20 kHz at a power of 430 W.
Depending on the sample, the concentration of the
aforementioned PAHs ranged from 0 to 560 nmol/g
with a total organic carbon content of 2 to 16% (all fig-
ures refer to dry samples). It was found that the total
amount of these PAHs in the sludge decreased after
ultrasonic treatment. Phenanthrene degraded the
most, while naphthalene degraded the least. However,
the degree of degradation was low and did not exceed
25% after 80 min of treatment.

The dynamics of the accumulation of the biode-
gradable fraction of PAH degradation products were
also of considerable interest. It was shown that the
amount of these products usually increases after the
start of ultrasonic treatment, but quickly reaches a pla-
teau (within 20 min). The data are related only to
phenanthrene and pyrene; for naphthalene, the mea-
surement error is excessively large (about 40%). In
general, the method used by the authors does not seem
effective. A similar study was carried out by the author
of [37]; it was shown that adsorbed PAHs degrade
worse than dissolved ones, and ultrasonic treatment
causes the desorption of PAHs from sludge particles.

The authors of [38] studied the ultrasonic degrada-
tion of PAHs in wastewater from oil refineries. It was
found that the degradation rate increased with the
increasing NaCl concentration in solutions. With an
increase in the sodium chloride concentration from 1.5 to
12 g/L, the degree of PAH degradation after 150-min
ultrasonic treatment increased from 72—78 to 97—
99%. It was noted that light PAHs degrade mainly due
to interaction with hydroxyl radicals, while heavy ones
are mainly subject to pyrolysis in collapsing cavitation
cavities. In [39], the same objects were studied, and
the dependence of the degradation degree on tempera-
ture and the concentration of oxidizing agents (dis-
solved oxygen, hydrogen peroxide) was studied. An
increase in temperature and the presence of oxidizing
agents contribute to an increase in the degree of deg-
radation. Degradation occurs most effectively in the
presence of hydrogen peroxide.

A similar study was described by the same authors
in [40]. The difference in its content from the two pre-
vious ones is that the degradation of aqueous solutions
of PAHs in some cases occurred in the presence of car-
bon tetrachloride (200—1000 mg/L). This compound
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can form active radicals (CI', CCI’) and dichlorocar-
bene when exposed to ultrasound. These particles are
capable of reacting with PAHs, causing their chemical
transformations. It was shown that the presence of
CCly in the system in an amount of 600 mg/L (optimal
concentration) can increase the degree of degradation
of benzo[k]fluoranthene and benzo[a]pyrene from 80
to 97% (60°C, 150 min of ultrasound exposure). The
authors also found that the resulting products are non-
toxic for Daphnia magna.

Thus, the published data indicate that ultrasound is
a useful tool for increasing the efficiency of the degra-
dation of aromatic hydrocarbons, especially polyaro-
matic ones. Ultrasound can be used to clean even such
complex objects as sludge contaminated with PAHs.

It is difficult to draw unambiguous conclusions
about the influence of various parameters on the effi-
ciency of destruction based on the available data.
However, certain patterns can be observed. An
increase in ultrasound power in most cases leads to an
increase in the degree of degradation with a subse-
quent plateau. The dependence of the degree of degra-
dation on the ultrasound frequency is extreme, the
optimum being in the range of 500 to 600 kHz. The
presence of foreign substances usually affects the pro-
cess. The presence of iron ions has a beneficial effect
due to the formation of a Fenton-like system. Nonar-
omatic organics, on the contrary, inhibit degradation,
probably due to competitive oxidation.

It should also be borne in mind that the use of more
efficient and economical ultrasonic action allows
eliminating the mechanical mixing of reagents.

AUTHOR CONTRIBUTION

All authors made an equivalent contribution to the
preparation of the publication.

FUNDING

This study was carried out as part of a state task of the
Department of Chemistry of Moscow State University
“Petrochemistry and catalysis. Rational use of carbon-con-
taining raw materials,” CITIS no. 121031300092-6.

ETHICS APPROVAL AND CONSENT
TO PARTICIPATE

This work does not contain any studies involving human
and animal subjects.

CONFLICT OF INTEREST

The authors of this work declare that they have no con-
flicts of interest.

No.6 2024



434

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

MINGALEYV et al.

REFERENCES

. Ja’fari, M., Ebrahimi, S.L., and Khosravi-Nikou M.R.,

Ultrason. Sonochem., 2018, vol. 40, p. 955.

Mason, T.J., Practical Sonochemistry: User’s Guide to
Applications in Chemistry and Chemical Engineering,
New York: Ellis Horwood, 1992, p. 43.

Kyllonen, H.M., Pirkonen, P., and Nystrom, M., De-
salination, 2005, vol. 181, p. 319.

Yakhontov, N.G., Gorbatsevich, O.B., Kalinina, A.A.,
Demchenko, N.V., Kazakova, V.V., and Muzafarov, A.M.,
Mendeleev Commun., 2020, vol. 30, no. 3, p. 336.

Safronova, E.Y., Korchagin, O.V., Bogdanovskaya, V.A.,
and Yaroslavtsev, A.B., Mendeleev Commun., 2022,
vol. 32, no. 2, p. 224.

Tu, S.P. and Yen, T.F., Energy Fuels, 2000, vol. 14,
no. 6, p. 1168.

de Visscher, A., van Eenoo, P., Drijvers, D., and van
Langenhove, H., J. Phys. Chem., 1996, vol. 100, no. 28,
p. 11636.

Kim, I-K. and Huang, C-P., J. Chin. Inst. Eng., 2005,
vol. 28, no. 7, p. 1107.

Shoair, A.G.F., J. Mol. Ligq., 2015, vol. 206, p. 68.

Fujita, M., Leveque, J.-M., Komatsu, N., and Kimura, T.,
Ultrason. Sonochem., 2015, vol. 27, p. 247.

Tabatabacian, K., Mamaghani, M., Mahmoodi, N.O.,
and Khorshidi, A., Catal. Commun., 2008, vol. 9, no. 3,
p. 416.

Man, X., Ning, X., Zou, H., Liang, J., Sun, J., Lu, X.,
and Sun, J., Chemosphere, 2018, vol. 191, p. 839.

Florton, V., Delteil, C., Padellec, Y., and Camel, V.,
Chemosphere, 2005, vol. 59, no. 10, p. 1427.

Lai, X., Ning, X., He, Y., Yuan, Y., Sun, J., Ke, Y., and
Man, X., Waste Manage., 2019, vol. 85, p. 548.

Lin, M., Ning, X., An, T., Zhang, J., Chen, C., Ke, Y.,
Wang, Y., Zhang, Y., Sun, J., and Liu, J., J. Hazard.
Mater., 2016, vol. 307, p. 7.

Psillakis, E., Goula, G., Kalogerakis, N., and Mantza-
vinos, D., J. Hazard. Mater., 2004, vol. 108, nos. 1-2,
p. 95.

David, B., Ultrason. Sonochem., 2009, vol. 16, no. 2,
p. 260.

Ince, N.H., Tezcanli, G., Belen, R.K., and Apikyan, 1.G.,
Appl. Catal., B., 2001, vol. 29, no. 3, p. 167.

Wheat, P.E. and Tumeo, M.A., Ultrason. Sonochem.,
1997, vol. 4, no. 1, p. 55.

Manariotis, 1.D., Karapanagioti, H.K., and Chrysiko-
poulos, C.V., Water Res., 2011, vol. 45, no. 8, p. 2587.

Park, J.K., Hong, S.W., and Chang, W.S., Environ.
Technol., 2000, vol. 21, no. 11, p. 1317.

MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol. 79

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Laughrey, Z., Bear, E., Jones, R., and Tarr, M.A., Ul-
trason. Sonochem., 2001, vol. 8, no. 4, p. 353.

Taylor, E.Jr., Cook, B.B., and Tarr, M.A., Ultrason.
Sonochem., 1999, vol. 6, no. 4, p. 175.

Oh, J.-Y., Choi, S-D., Kwon, H-O., and Lee, S-E., Ul-
trason. Sonochem., 2016, vol. 33, p. 61.

Lifka, J., Ondruschka, B., and Hofmann, J., Eng. Life
Sci., 2003, vol. 3, no. 6, p. 253.

Krishnan, S., Ravindran, H., Sinnathambi, C.M., and
Lim, J.W., IOP Conf. Ser.: Mater. Sci. Eng., 2017,
vol. 206, p. 012089.

Babuponnusami, A. and Muthukumar, K., J. Environ.
Chem. Eng., 2014, vol. 2, no. 1, p. 557.

Chowdhury, P. and Viraraghavan, T., Sci. Total Envi-
ron., 2009, vol. 407, no. 8, p. 2474.

Thangavadivel, K., Mallavaparu, M., Mudhoo, A., and
Naidu, R., Degradation of Organic Pollutants Using Ul-
trasound, Boca Raton: CRC, 2012.

Ghasemi, N., Gbeddy, G., Egodawatta, P., Zare, F.,
and Goonetilleke, A., Water Environ. J., 2020, vol. 34,
no. S1, p. 425.

Psillakis, E., Ntelekos, A., Mantzavinos, D., Nikol-
opoulos, E., and Kalogerakis, N., J. Environ. Monit.,
2003, vol. 5, no. 1, p. 135.

Copik, J., Kudlek, E., and Dudziak, M., Environ. Sci.
Proc., 2021, vol. 9, no. 1, p. 4.

Zhou, J., Xu, W., Wong, JJW.C., Yong, X., Yan, B.,
Zhang, X., and Jia, H., PLoS One, 2015, vol. 10,
p. €0136162.

Schiel, M.A., Domini, C.E., Chopa, A.B., and Silbes-
tri, G.F., Arab. J. Chem., 2019, vol. 12, no. 8, p. 4982.

Na, S., Wei, Z., Pee, G.Y., Hwang, Y.S., and Weavers, L.K.,
Ultrason. Sonochem., 2020, vol. 68, p. 105203.

Pee, G.Y., Na, S., Wei, Z., and Weavers, L.K., Chemo-
sphere, 2015, vol. 122, p. 265.

Pee, G.Y., ProQuest Dissertations and Theses, 2008,
vol. 185.

Sponza, D.T. and Oztekin, R., Bioresour, Technol.,
2010, vol. 101, no. 22, p. 8639.

Sponza, D.T. and Oztekin, R., Chem. Eng. J., 2010,
vol. 162, no. 1, p. 142.

Sponza, D.T. and Oztekin, R., Sep. Purif. Technol.,
2011, vol. 77, no. 3, p. 301.

Translated by M. Drozdova

Publisher’s Note. Allerton Press remains neutral

with regard to jurisdictional claims in published maps
and institutional affiliations.

Al tools may have been used in the translation or
editing of this article.

No. 6 2024



	INTRODUCTION
	REFERENCES

